Organic light-emitting diodes (OLEDs) have received a significant attention over the past decade due to their energy-saving potential. We have recently synthesized two novel carbazole-based donor-acceptor compounds and analyzed their optical properties to determine their suitability for use as blue emitters in OLEDs. These compounds show remarkable photo-stability and high quantum yields in the blue region of the spectrum. In addition, they have highly solvatochromic emission. In non-polar solvents, bright, blue-shifted (λ max ≈ 398 nm), and highly structured emission is seen. With increasing solvent dielectric constant, the emission becomes weaker, red-shifted (λ max ≈ 507 nm), and broad. We aim to determine the underlying cause of these changes. Electronic structure calculations indicate the presence of multiple excited states with comparable oscillator strength. These states are of interest because there are several with charge-transfer (CT) character, and others centered on the donor moiety. We theorize that CT states play a role in the observed changes in emission lineshape and may promote charge mobility for electrofluorescence in OLEDs. In the future, we plan to use Stark spectroscopy to analyze the polarity of excited states and transient absorption spectroscopy to observe the dynamics in the excited state.
INTRODUCTION
The need for innovative and viable solutions in the field of renewable energy, particularly for sustainable lighting applications, has motivated the study of fluorescent organic compounds for applications in organic light-emitting diodes (OLEDs). Currently, there are two primary classes of materials used for OLED fabrication: 1) conjugated polymers, and 2) small, fluorescent molecules. For conjugated polymers, the limited control over the polymerization process introduces significant heterogeneity in the system through a distribution of polymer chain lengths and shapes, and the potential for defects in the polymer structure.
1 This heterogeneity adds significant complexity to these systems, making it difficult to understand and model their structural and electronic properties.
Given the limitations of conjugated polymers, there has been a recent resurgence in research effort toward design of small molecules for OLED applications, both as standalone emitters and as sensitizers. [1] [2] [3] [4] [5] [6] Of particular interest are materials with excellent charge transport properties, ideally for both electrons and holes, as this is crucial to the materials' performance in OLEDs. This has been achieved in OLED systems by layering or blending an electron-transport and a hole-transport material. Recent work has explored the use of intramolecular donor-acceptor (D-A) systems, which tether electron-donating and electron-accepting moieties on the same structure. 2, [7] [8] [9] This spatially separates the HOMO and LUMO, creating an intramolecular charge-transfer (CT) excited state, allowing a single material to stabilize either a radical cation or anion. Use of one material eliminates the complexities associated with forming multi-layer or blended systems, which is highly advantageous for production. Recent reviews of small molecule donor-acceptors in OLEDs 1, 2 note that there is still a need for efficient blue-emitting systems. N R Figure 1 : Molecular structure of carbazole (CBZ, R = H). For our two compounds of interest, the R groups are proprietary but have electron-accepting character. These compounds will be referred to as 1-CBZ and 2-CBZ.
Carbazole-based D-A systems have been identified as promising blue CT emitters since carbazole is a weaker electron donor than amine-based donors, widening the HOMO-LUMO gap and blue-shifting emission.
2 Recent studies by Adachi et al. show that many carbazole compounds undergo a process known as thermally-activated delayed fluorescence (TADF). [9] [10] [11] [12] [13] [14] In TADF, excited compounds in their triplet state undergo reverse intersystem crossing, mediated by the available thermal energy.
14 This process allows for non-emissive triplets to be recovered as emissive singlets through delayed fluorescence, which generally occurs on the sub-microsecond to the sub-millisecond timescale in deoxygenated solution 15, 16 and in thin films. 14, 17 This is important for overcoming the limitation on electroluminescence quantum yield imposed by spin statistics.
14 Generally, a small singlet-triplet energy gap (ΔE ST ) on the order of a few tenths of an eV is necessary for efficient TADF.
14 However, TADF has been observed in compounds with ΔE ST as large as 1.1 eV (kT at 298 K is ≈ 26 meV), indicating that singlet-triplet coupling also plays a role in TADF efficiency and that the exact mechanism of TADF is complex. 15 Carbazole compounds tend to have high triplet energies, and, consequently, a relatively small ΔE ST , 2 making them ideal candidates for TADF, as well as host materials for triplet transfer in metalcontaining blue phosphorescent OLEDs.
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Herein, we explore the photoluminescence properties of two novel carbazole-based D-A compounds. The exact structures of these compounds at the time of writing are proprietary. They will be denoted as 1-CBZ and 2-CBZ, where 1 and 2 are proprietary acceptor subunits and CBZ represents the carbazole donor subunit (Figure 1 ). Steady-state measurements in solution show strong solvatochromic behavior in emission, characteristic of an emissive CT state, which is supported by time-dependent density functional theory (TD-DFT) calculations. In addition, preliminary findings based on transient absorption data show these compounds have long-lived dynamics, a promising indication of TADF.
METHODS
Synthesis of 1-CBZ and 2-CBZ will not be detailed here, due to the proprietary nature of the molecular structure. Carbazole was purchased from Fisher Scientific and used as received. All solvents used are commercially available from Sigma Aldrich or Fisher Scientific and were purchased at spectroscopic grade or equivalent and used as received. Steady-state absorption and emission measurements were performed using a Cary 50 Bio UV-Vis spectrophotometer and a Jobin-Yvon FluoroMax 2 fluorometer, respectively. UV-transparent quartz fluorescence cuvettes (Starna Cells) with 10.00 mm pathlengths were used for all measurements.
Theoretical calculations were performed using the Gaussian 09 software package. 21 Optimized structures and energies were obtained using the CAM-B3LYP functional with the 6-31++G(d,p) basis set. Solvent effects were included using the polarizable continuum model as implemented for methylcyclohexane. 
RESULTS AND DISCUSSION
Steady-state absorption, emission, and excitation spectra were collected for 1-CBZ and 2-CBZ in a variety of solvents with a wide range of polarities (Figure 2a-d ). There is no significant variation in peak position in the absorption spectra with solvent polarity, indicating that the Franck-Condon (FC) state is not likely to be polar. A strong, positive solvatochromic trend can be seen in the emission of both compounds, with a range of emission maxima spanning over 100 nm. This is characteristic behavior of a polar emissive state, more specifically a CT state.
Emission intensity notably decreases with increasing solvent polarity. Comparison of the integrated area under the absorbance-corrected emission curves shows that in solvents with broad emission, the relative area decreases with increasing solvent dielectric constant in both samples. This does not hold for the highly-structured emission from the samples in methylcyclohexane (MCH). We surmise that the difference in emission lineshape is a result of a change in electronic character of the emissive state.
By comparison, the CBZ donor alone shows very weak solvatochromism. The absorption (Figure 2e ) and emission (Figure 2f ) spectra of CBZ show significant lineshape structure in both absorption and emission, indicative of more localized FC and emissive states, like those seen for ππ * transitions. A notable similarity between the D-A compounds and CBZ is that they share many absorption features. This implies that their FC states have similar ππ * character. Table 1 : Excitation energies (ΔE, in eV), dipole moments (μ, in Debye), and ground-state oscillator strengths (f ) for the 5 states with highest f among the 10 lowest excited singlet states as calculated by TD-DFT in methylcyclohexane for 1-CBZ (top) and 2-CBZ (bottom). Larger dipole moments represent states with significant CT character.
We performed TD-DFT calculations on 1-and 2-CBZ to verify that these compounds do indeed show CT character. Orbital analysis shows that the HOMO resides primarily on the CBZ donor moiety and the LUMO resides on the acceptor moiety. This is characteristic of D-A compounds, and indicates the presence of a CT state. However, calculations also show there are several possible FC states with comparable ground-state oscillator strength ( Table 1) . As expected, some of these states show primarily CT character, with density moving from CBZ to the acceptor moiety upon excitation, and higher dipole moments. Others, however, have either mixed or primarily ππ * character and are centered on the CBZ moiety with overall lower excited state dipole moments.
The presence of a number of possible FC states with differing character is of particular interest. Emission from excited states with large CT character tends to be broad and unstructured, while ππ * states tend to have more structured emission due to the localized nature of these transitions. As solvent polarity is increased and CT states are stabilized, more CT character may be introduced to the emissive state. This state mixing may result in a lineshape change in emission with increasing solvent polarity, similar to that observed. Additionally, an increasingly polar CT emissive state may reduce oscillator strength to the donor-localized ground state, resulting in decreased emission intensity with increasing solvent polarity, like that seen for these D-A compounds. Further investigation is necessary in order to provide a more rigorous explanation of the solvatochromic trends observed and clearer insight into the dynamics of the excited state.
CONCLUSION
In the current work, we have characterized two novel carbazole-based D-A compounds via steady-state absorption and emission spectroscopies, as well as with TD-DFT calculations. Results indicate strong positive solvatochromism in emission, but not in absorption. This indicates that the nature of the excited state is dynamic, likely involving multiple states with differing character. Calculations show the presence of both CT and ππ * -type states with comparable ground-state oscillator strength and similar excitation energies, which may justify the observed solvatochromic behavior.
In the future, we plan to characterize these compounds in films to determine their suitability for use in OLEDs. If film studies prove promising, efforts will be concentrated on designing an OLED from these compounds. As these compounds have CT character, we plan to analyze these compounds using Stark spectroscopy, which is useful for determining the polarity of electronic transitions.
Preliminary work has begun using transient absorption spectroscopy to analyze the dynamics of the excited state. Early results show contributions from multiple excited states, including triplet states. There also appear to be dynamics occurring at very long probe delay times, indicating that thermally-activated delayed fluorescence may be present in these compounds.
